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Abstract
The process of adapting a preexisting vacuum chamber to perform thermal vacuum testing is a
rare process in the testing industry. A closed vacuum system that was designed without thermal
capacitance in mind will hinder the development of additional thermal system capabilities and
prove difficult from a cost standpoint. Generally, building a thermal vacuum system from scratch
will cost on the order of $10,000 to $100,000 depending on the system requirements regarding
control and thermal capacitance within the chamber. This project will explore the cost of such an
adaptation, attempting to minimize expense, and potentially provide the “Western Aerospace
Launch Initiative” student organization with the capability to perform basic thermal vacuum
environment testing at an extremely reduced cost. These basic thermal vacuum tests will be
delivered at a lower cost than that which WALI would otherwise need to outsource for.
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Introduction
Background:
Thermal vacuum testing is a key process to providing evidence that a system will survive
in its design environment. The test regime depends on the situation a system is expected to be
exposed to. Once the testing parameters are determined (pressure level and temperature range),
cycle times are determined for hot and cold cases for the system in question. Tests may take
hours up to a couple months depending on the severity of the environment and the regulations
regarding the system being tested.
“Thermal testing” is an umbrella term encompassing several test types; one major test is
thermal cycling where the specimen experiences a repetitive “soak” time switching between hot
and cold cases. Another major test, thermal balance, establishes a constant state within which the
specimen is “soaked” to test system function at a predicted steady condition. Finally, the bakeout test is characterized by extreme but steady temperature conditions and is used to test the total
thermal capacity of the specimen and gather outgassing data.
Thermal vacuum processes are important to many facets of engineering, as vacuum
technology is used across various manufacturing lines and for a range of test environments.
System function is tested within a manufactured simulation of the desired operating
environment. Failure of the system during testing indicates that there are serious flaws that need
to be corrected before proceeding. Vacuum technology has been around since the early 1700’s
and using it as a testing parameter was used earliest for chemical reactions and to research
properties of the physical world around us (Hoffman et. Al). At that time, thermal testing was
usually done at atmospheric conditions using a hot plate or heating element. Since the inception
of space programs, thermal vacuum testing, or T-Vac testing, has been an important part of
research especially to rate aerospace equipment function and viability. Outgassing (pressure
related sublimation) and operational temperature maxima are of primary importance.
Since the moon landing, thermal vacuum testing has increased in rigor. With more
devices being launched into Low Earth Orbit (LEO), it is imperative now more than ever to
ensure that each object sent to space doesn’t malfunction and become a hindrance to our
continued exploration and experimentation in space. As the space environment continues to be
explored, so too will the testing rigor be increased as new hazards and environments are
understood.
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Problem Posed and Need:
The student organization, Western Aerospace Launch Initiative (WALI), lacks the
capacity to perform thermal vacuum tests here at Western Michigan University. WALI requires
this testing capability for their small satellite endeavors with the University Nanosatellite
Program through the United States Air Force. Thermal vacuum tests are essential to proving that
a specimen designed to work in space will be able to withstand the thermal requirements of its
operating environment. For WALI to continue its research and development of CubeSats at a low
cost, a thermal vacuum chamber will be necessary.

Objective:
To provide Western Michigan University with the capability of in-house thermal vacuum
testing to drive costs down for WALI. Currently, WALI’s is developing satellites for LEO and
the thermal vacuum chamber should be capable of replicating conditions in this orbital region
around Earth.

Scope and Limitations:
A
vacuum
was
with a
produces a

preexisting
chamber
outfitted
system that

FIGURE 1: VACUUM CHAMBER

temperature
change in a
test
specimen to allow for more accurate simulation of the Low Earth Orbit environment (LEO). The
chamber environment was closely monitored and controlled by calibrated sensors along with
thermal and pressure control elements. The conditions within the chamber must exhibit stable
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behavior. The system should respond to inputs from the experimenter and from the sensors
within a reasonably small amount of time.
Our success criteria can be broken up into three different levels of success based on the
theoretical temperature range with gaseous nitrogen chambers. With the theoretical temperatures
being -180°C to 150°C, our minimum success criteria being an achieved temperature range of
room temperature to 100°C, and our maximum success criteria as -100°C to 100°C. Due to
budget limitations and unforeseen issues we were limited to our minimum success criterium for
this project.
Thermal:
Heat transfer through the internal components of the thermal system is a major
consideration that was addressed in the design process to ensure a valid testing environment. The
energy distribution within the chamber ideally resembles that of the environment an object would
experience on orbit. Radiation and conduction modes of heat transfer are the two methods of heat
transfer to consider in the analysis and design of the thermal system for the vacuum chamber.
Another consideration was the temperature gradient developed between the chamber and the
ambient environment which influences the rate of heat transfer to the system. Insulation and a
water buffer running inside the vacuum chamber wall provides enough buffer to the internal
system to that of the chamber’s environment.

Outgassing:
Outgassing is the sublimation of a material under vacuum conditions. Outgassing
depends on the surface area of the material, its properties, and the environmental conditions.
Measures were taken to reduce the effect of outgassing by rigorous selection of construction
materials against well-known data from NASA. Outgassing can make the vacuum chamber less
effective as the material is deposited in the pumps and chamber walls. With effective material
selection, the pump should need to be cleaned once a year at the most.

Control of System:
The existing vacuum chamber is set up with an on/off system where, via a switch, the
pumps are turned on and the pressure is lowered. After an adequate vacuum pressure is achieved
the thermal system is controlled through a power supply with a set of knobs for amperage and
voltage to control the power delivered to the heating element. The monitoring is taken care of by
a panel pressure gauge and a LabVIEW program for temperature measurement through K-type
thermocouples. The thermal system is to be powered down until the pressure is at a low, stable
state. If the thermal system is operated before vacuum is reached, a catastrophic explosion is
highly likely. In the future, a liquid nitrogen system can be installed to achieve maximum success
criteria for this mission.
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Specifications:
The specifications are dependent on WALI’s testing needs from test to test. For the
foreseeable future WALI will be testing with regards to low Earth orbit (LEO) which informs the
desired operating temperature and pressure conditions. The minimum and maximum temperature
in LEO is about -100°C to 100°C. Pressure extrema for the chamber will be about 5 x 10-6 Torr
to 760 Torr (1 atmosphere). While these values compose the indicative measures of success for a
thermal vacuum chamber, several additional factors must be considered: outgassing properties,
heat transfer properties such as emissivity or conductivity and the time to reach equilibrium
temperature according to Newton’s law of cooling. These values are used to access system
efficiency.
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Methods
Nomenclature:
ε = Emissivity of the material
σ = Stefan Boltzmann constant
= 5.67 x 10-8 W/m2K4
c = specific heat
T--s = Temperature difference (Tinitial –
Tfinal)
Tsurf = Surface temperature
αii = Absorptivity of surfaces
G’’ = Ratio of Power to area per second

As = Exposed surface area of the test

object
V = Volume of the system
S = Pumping speed
t = Time
Acu = Cross sectional area of the copper
pipe
Qchamber = Heat from the chamber

Theoretical Mathematical Analysis:
In order to make predictions about a thermal vacuum system, mathematical analysis
must be completed for cooling, heating, and pressure cycles. The following analysis focuses
on the time required to reach various temperatures and pressures.
Thermal Vacuum Chamber Cooling Analysis:
The internal components of a thermal vacuum test system can only be cooled
effectively via methods of conduction. Convective cooling is taken to be negligible
due to the extreme low-pressure during testing while radiative cooling, as would
occur through black body radiation, depends upon the surface emissivity of a
material and its temperature. In the design temperature range of this system and
the corresponding emissivity, the radiation component is also assumed to be
negligible. Thus, the only applicable method of removing heat from a test subject in
a vacuum is through thermal conduction. Both active and passive thermal
conduction were considered, and it was found that active cooling, which involves a
working fluid to pull heat from solid components, is the more effective of the two
and was chosen for this project.
Analysis of a Conductive Cooling System:
The calculations used in cooling analysis were based on the assumptions that:
- convection is negligible;
- radiation is negligible;
- the shroud is a large enclosure (i.e. that the test subject lies relatively far
from the shroud walls);
- there is no heat generated internally by the test subject.
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Energy Balance equations were employed first:

(Ėin + Ėint-gen) − Ėout = Ėstored

(1.0)

That is, in order to achieve a given equilibrium temperature, the energy
stored in the system per second, Ė or power, must be constant and equal to the
combination of radiative thermal energy flux being absorbed by the system (Ėin)
and the internally generated thermal energy flux (Ėint-gen) minus the energy being
pulled out by the cooling system (Ėout). If a certain equilibrium temperature is
desired, the following equations must be used:
𝜕𝑇𝑠

εσAs(Tsurf4 − Ts4)Fv = mc

(1.1)

𝜕𝑡

where,

Ėstored =

𝜕𝑇𝑠

mc

𝜕𝑡

Approximation of the required heat transfer out of the system was done by
using two-dimensional, steady state conduction equations. The test subject rests on
a metal plate which conducts heat to the cylindrical shroud and into the copper
pipes. The heat transfer through the plate, which is regarded as a 2-dimensional,
steady state system, was calculated via the following equation:
𝜕

2𝑇

𝜕𝑥

2 +

𝜕2𝑇
𝜕𝑦 2

= 0

(1.2)

This equation must be solved for T(x,y) using either analytical, graphical, or
numerical methods. Both analytical and graphical methods can only be used to find
approximate solutions. Ansys, a software package which relies on finite element
analysis and computational fluid dynamics, was used to compute the conductive
heat transfer through the cooper platform upon which the test subject rests. After
finding the rate of heat transfer through the plate and into the convection coil, Ansys
was set up to analyze, internal, thermal convective flow of nitrogen to determine the
rate of heat transfer out of the system.
Thermal Vacuum Chamber Heating Analysis:
Components in a thermal vacuum chamber may be heated either by radiation
or a conduction cycle. In order to better replicate a space environment, a source of
10
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thermal radiation was implemented. For this thermal system, we opted only to
approximate the heat flux of the Sun at Earth’s orbital distance and not to emulate
the exact solar EM spectrum.
Analysis of a Radiative Heating System:
For the analysis of the heating cycle, additional assumptions were made:
- All rectangular areas are converted to circular for ease of calculation
- coaxial parallel disks relation is used in calculation;
- all radiation is independent of wavelength and direction
- all absorptivity and emissivity values are valid for infrared range of radiation.
The energy balance equation for thermal radiation, is given by:

Ėin – Ėout = mc

𝜕𝑇

𝜕𝑡

(2.0)

where,

Ėin = G”(αcu Acu)
Ėout = σT4(εcu Acu)

(2.1)
(2.2)

Substituting equations 2.1 and 2.2 into 2.0 and solving for dt will give the
time required to reach a given temperature T.
Our system used a single heater positioned approximately 9 inches from the
test subject. This configuration allowed the use of the coaxial parallel disk relation
to determine the view factor; a measure of the proportion of radiation that will hit
the test subject after leaving the source.
Vacuum Analysis:
Vacuum analysis, which aided in selecting a roughing pump, relied only on
the relationship between pressure and the time to reach said pressure.
The following equation states this relationship:

P = P0[-(S/V)*t]

(3.0)

The relevant assumptions for this analysis were:
- the system does not leak
- the pumps are 100% efficient
- nothing will vaporize in the chamber
11
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Figure 1 shows the working range comparison of various vacuum pumps.
The vacuum chamber in question, which is located in WMU’s ALPE Lab, was found
to possess a turbomolecular pump and vacuum pump. These pumps, while not the
ideal match for each other, will work for out purposes although inefficiencies are
expected. The combination of these pumps is able to reach the high vacuum
required for this project.

FIGURE 2: WORKING RANGE COMPARISON OF VACUUM PUMPS

Thermal Shroud Designs and Construction
A thermal shroud is not strictly required for the design of a thermal vacuum
system; but aids in controlling the temperature gradient within the chamber and
provides a structure to mount the cooling system. It may be beneficial for a future
12
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team working on the cooling system to consider adding some form of insulation
around the copper shroud.

Project Timeline:
The project timeline, displayed below in Figure 2, spans from the beginning of the
senior design project planning class until the presentation date on April 16th, 2019. By the
end of the Fall semester of 2018, the parts were ordered such that construction could begin
and bugs in the system would be detected in January. The construction of the thermal
insert was given to Mike Konkel in the student projects lab as the team did not have any
professional experience in manufacturing. While the thermal insert was constructed, the
existing vacuum chamber was outfitted with the necessary port fittings and pumps such
that it would be able to run the tests necessary for the project. There were several tests
performed at each stage of the project mentioned in the testing section later in this report.

FIGURE 3: GANTT CHART

Figure 3 above is a representation, a more legible version can be found in the appendix.
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The schedule above was constructed to provide a very optimistic schedule of work.
Yet, the schedule considers the fact that there were going to be delays and allowed for a
month-long grace period for such details. This preplanning became useful when we learned
about several manufacturing and outfitting details for the thermal insert and vacuum
chamber that would delay the working deadline for the project.

FIGURE 4: PERT CHART
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When considering a design project, one must be aware of how to manage time in
order to complete the required goals. Generally, for engineering design it is optimal to plan
for a critical pathway to system success as well as secondary pathways which may prove
difficult to achieve. The critical pathway was set as the construction of the core structure
that will provide both the necessary radiative insulation as well as serve as the mounting
structure for several key elements of the thermal system. Our secondary pathway includes
implementation of the gaseous nitrogen tubes. The refrigerant coil was considered
secondary because it is necessary for maximum success, but not minimal.

Benchmarking:
To gain insight about important design considerations, the team participated in
benchmarking through research and cross comparison. The two primary examples of
comparison were:
Construction of a Thermal Vacuum Chamber for Environment Testing of Triple CubeSat Mission
TRIO-CINEMA
This project was developed in combination by the School of Space Research
at Kyung Hee University in Yongin, Korea and by the Space Science Laboratory at
the University of California in Berkeley, California.
Overview:

Similar to the project of this report, this chamber was designed to fit
“Nanosatellites” which are typically just one liter in volume. The thermal system
was capable of operating in two modes. The first used an electric heater to add heat
through conduction. To cool the system, liquid nitrogen (LN2) was circulated within
a shroud. The second mode used circulating refrigerant to both heat and cool the
shroud. Experiments were performed using the first mode, which was informative
on the complexity of a liquid nitrogen-based system.

Conclusion:

It was found that use of liquid nitrogen to cool our system would be far more
complex than appropriate for our budget and additionally introducing safety
hazards with regard to proper handling of the LN2. Using liquid nitrogen to cool the
system was also stated as disadvantageous due to inherent difficulty with precise
control of the system temperature. Additionally, it was found that using a
refrigerant cycle to both heat and cool the system would be costly to install,
however, by using a similar system only for cooling, it could be made quite simple
and relatively inexpensive.
15
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Design and Construction of a low-cost Economical Thermal Vacuum Chamber for Spacecraft
Environmental Testing
This project was developed by the Aerospace and Mechanical Engineering
Department at Saint Louis University in Saint Louis, Missouri.
Overview:

The scope of this project was broad but gave fantastic insight on the
necessities of our own. Their project was to build an entire vacuum chamber and
thermal testing environment for the least expense. They performed mathematical
calculations to size the vacuum chamber and to choose heating and cooling
methods. This project utilized a thermal radiation heater to add heat to their system,
while using a refrigerant cycle only to cool it.
Conclusion:

This project provided insight into the potential cost of such a system. To
build the entire vacuum chamber, it ended up costing roughly $10,000. The scope of
the project pertaining to this report will only cover the adaptation of an already
existing chamber into one capable of thermal testing. Therefore, cost is projected to
be far less.
This project was also informative in that it confirmed speculation that a
cooling-only refrigerant cycle would be cheap and simple to implement.
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Preliminary/Candidate Designs
Presented below are three design considerations modeled in SolidWorks. The first
design illustrates a copper plate attached to the shroud. This limits the number of infrared
heat lamps that can be placed in the chamber but provides a much more efficient method
for cooling the specimen. The refrigerant cooling wraps around the outside of the shroud
cylinder.

FIGURE 5: PRIMARY CANDIDATE
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FIGURE 6: SECONDARY CANDIDATE

In this second design the refrigerant loop is mounted below the copper plate in
order to improve the potential rate of heat flux.
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FIGURE 7: TERTIARY CANDIDATE

The third design utilizes rails to mount the test specimen. This allows for the
addition of more heat lamps to irradiate all sides of the specimen. The rails are mounted to
a copper shroud which is mounted to the back of the chamber. The shroud is surrounded
by copper tubes that will be flooded with liquid nitrogen or another cold fluid to draw heat
away from the specimen through the specimen-mounting pathway. This is an inefficient
method of drawing heat because of the low contact with the specimen. Cooling the will take
a rather large amount of time with this arrangement.
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Decision matrix:

FIGURE 8: DECISION MATRIX

Instead of analyzing every possible component that went into the design, each
configuration possibility was analyzed through a decision matrix. There were four
pertinent design choices marked by the different scalar colors in Figure 7 above. The
criteria were chosen for their impact on the successful implementation of design and their
relationship to the project success criteria. One major concern was the efficiency of the
thermal conductivity of the system.
The data in Figure 8 helped to determine whether our success criteria would be met.
Thermal conductivity is important for the time to reach equilibrium temperature. With a
higher conductivity value, testing takes a shorter time and is less costly to WALI. Thermal
control is one of the most important aspects because the ability to maintain a steady state
temperature with the controls of the system is vital to the success criteria. While this
control is tied with conductivity, we assume that each can be treated independently as
conductivity controls the time factor of the equilibrium temperature state. Cost is another
important criterion because the budget for a thermal system in a vacuum chamber is low
when comparing to ideal budgets for thermal vacuum chambers. This project was able to
operate within a $1,500 budget.
Through observation of the decision matrix, the appropriate choice of material is
made clear. Copper construction materials, an optical board, and gaseous nitrogen heat
sinks/plumbing around the core were chosen for simplicity, outgassing, and cost values.
The only decision that was not obvious was the choice between a single radiation source
and having multiple that span the six cardinal directions of a cube-satellite. The choice of a
single heating element vs multiple was made upon the basis that the company, Heraeus
Noblelight America LLC, was gracious and donated a single heating element that would
work on its own.
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Final Design:
It was decided to go with the first design mentioned in the preliminary designs
section. Below is an updated model with a test specimen with final values for the pipe and
shroud diameters with a three-view drawing of the pipe and shroud assembly.

FIGURE 9: FINAL DESIGN

The test model inside is a model of a single unit CubeSat where a unit or U is a cube
of 1000 cubic centimeters (10 cm on each side).
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FIGURE 10: THREE-VIEW CAD DRAWING OF COOLANT PIPES

Instrumentation/Equipment:
To accurately measure the temperature within the system, a network of k-type
thermocouples rated for -100 to 150 °C is necessary. The heating element and the cooling
apparatus were controlled by a power supply and monitored through LabVIEW. The temperature
of the wall, heat source, and test subject were measured and averaged to aid in the control of the
power supply connected to the thermal control systems. The structural copper tube provided a
reflective surface to increase the radiative heat transferred to the test subject. The heating
element is a quartz crystal infrared heating element with a tungsten filament. It was provided by
Heraeus Noblelight America LLC.
Refurbishment of the vacuum chamber was required in order to bring the system up to
working condition. This meant that the turbo pump needed to be supplemented with a roughing
pump in order to create the required back-pressure to reach and maintain low vacuum.

Computers and Software:
Any laptop or computer will be able to run or process the data that we recover due to the
universality of the programs used. The control system was composed in LabVIEW and a DAQ
22
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card was used to translate the analogue data from the thermocouples and pressure sensors into a
digital output for the LabVIEW system. All structural modelling was completed in SolidWorks.
The thermal and flow modelling was done in ANSYS to predict the thermal regulation of the
system.

Construction:
The only parts of the system that were manufactured were the copper pipes and shroud
through Mike Konkel in the student projects lab at Western Michigan University. A solder
comprised of tin, silver, nickel, copper and antimony was used for fabrication and assembly of
these parts. Due to the outgassing properties of antimony, the temperature of this system should
not exceed 300 °C under the anticipated pressures.
The instrumentation devices used to measure temperature and pressure included eight
thermocouples, a pressure gauge and an ion gauge which were attached to the chamber via
vacuum rated feed through devices.
The vacuum chamber parts that were missing were ordered and assembled in the lab. The
pumps were outfitted with the required oil and the vacuum was checked for safety before
running a vacuum test.
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Testing:
While the nsert was under construction, systems tests were performed on the heating
element. As additional components were added in, further system integration tests were
performed. This involved ensuring the workability of the system to physical fittings.

Structural:
Although structural integrity was not of primary importance in regard to designing this
system, it was important to ensure that the insert is able to hold the weight of a typical test
specimen. No notable plate buckling was observed after placing a test weight in the center of the
insert.

FIGURE 11: PHYSICAL STRUCTURE

Thermal:
Testing the thermal capacity of the system involved doing the same test in two different
environments. The heat element provided by Heraeus Noblelight America LLC was used to heat
an element to the maximum required temperature for our tests within the physical structure at
atmospheric pressure. The temperatures measured by each thermocouple were recorded through
LabVIEW and averaged. In order to determine the effectiveness of heat transfer, the time
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required to reach an average temperature of 100 degrees Celsius was also recorded. The results
are discussed in the results section of this paper.

FIGURE 12: DC TEST OF THE HEAT ELEMENT
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Full System:
There are three major tests that may be employed to ensure that the newly adapted
thermal vacuum chamber will function appropriately. It must be able to perform a “thermal bakeout,” where a high temperature is held for a significant period of time in order to measure
outgassing, a “thermal-cycle test,” where high and low temperatures are cycled to test the
specimen’s resilience to thermal fatigue stress, and a “thermal balance test,” where the thermal
equilibrium of the system is tested for an extended time interval. The successful completion of
each test type would verify the successful implementation and design of the control system.

FIGURE 13: FULL SYSTEM
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Simulations
Due to funding limitations, the cooling system for the thermal vacuum chamber could not
be physically demonstrated. Instead, ANSYS was used to carry out simulations to understand
and characterize the performance of this cooling system. In order to understand how the system
will lose heat from its heated condition, a hot and cold case must be investigated. The
simulations modeled a transient thermal response wherein the heat element was first powered on
for an hour, then powered off at which point a transient thermal condition was applied to the
outer surface of the shroud. The thermal condition started at the temperature reached by the
shroud during the heating period and decreased to a temperature just below the boiling point of
liquid nitrogen (-198 C). Three different cooling times were investigated to see the system
response change.

FIGURE 13: THE MODEL USED IN ANSYS INCLUDES THE TEST SUBJECT, PLAT, SHROUD, HEAT ELEMENT, AND THE
COVERS OF THE CHAMBER OF WHICH ONLY ONE IS SHOW ABOVE.

Some assumptions for the simulations are as follows.



The heat element is an ideal black body radiator with internal heat generation to
maintain a 1000 W energy output.
Only radiation and conduction modes of heat transfer were considered in the
analysis.
27
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The initial conditions for the temperature of all the components other than the
heat element (2000 C) are at room temperature (22 C)
The cylindrical chamber wall is ignored since the shroud is long enough to
prevent most of the reflected radiation from the wall opposite the heat element
from escaping the space enclosed by the shroud.

Below, three points in time of the thermal cycle for a cooling time of 2000 s are
illustrated.

FIGURE 14: INITIAL CONDITIONS.
TEST SUBJECT AND PLATE ARE AT ROOM TEMPERATURE AS THE HEAT ELEMENT IS POWERED ON.

FIGURE 15: THERMAL PROFILE AFTER 1 HOUR.
SPECIMEN HAS REACHED A TEMPERATURE OF 107-110 C, MAX TEMPERATURE IS 112.8 C.
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FIGURE 16: TEMPERATURE CONTOUR AT 2-HOUR MARK AFTER 2000 SECONDS OF COOLING.
HEAT IS MOVING FROM THE SPECIMEN TO THE SHROUD.

Another important thermal profile to consider is that of the shroud. The maximum point
of temperature in the simulation is shown below.

FIGURE 17: TEMPERATURE PROFILE OF THE SHROUD

Under these conditions (heating for 1 hour at full power) the shroud reaches a
temperature of 109 C, well below the limits of the system. As mentioned earlier, three cooling
times were simulated in ANSYS; 1000, 1500, and 2000 seconds starting from the moment the
heating element is powered off. The results were plotted using Matlab and are shown below.
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FIGURE 18: THERMAL CYCLING SIMULATION RESULTS
(1000 SECONDS OF COOLING DURING A 2-HOUR PERIOD)

FIGURE 19: THERMAL CYCLING SIMULATION RESULTS
(1500 SECONDS OF COOLING DURING A 2-HOUR PERIOD)
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FIGURE 20: THERMAL CYCLING SIMULATION RESULTS
(2000 SECONDS OF COOLING DURING A 2-HOUR PERIOD)

The results show that as the cooling time increases, the aggregate temperature change in
the test specimen at time t = 7000 decreases. This cooling time will be a function of the velocity
of the flow in the pipes and the thermophysical properties of whatever fluid is within the pipe.
One limitation to these simulations is the assumption that the transient thermal boundary
condition on the shroud is linear. In actuality, the thermal response would be characterized by an
exponential decrease. It would be slightly slower than predicted by these simulations.
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Results
Testing and Refinement:
Unfortunately, due to a manufacturing accident the data could not be investigated for the
success criteria laid out earlier in the report. There were several systems tests conducted to
determine whether the structural system and the integration of the vacuum chamber and the
insert would be effective. These tests

involved a full start of the system at the different

phases of construction to ensure working order of the greater product. Each system test began by
testing each component separately and slowly adding components one at a time. Once all
systems were integrated together, the full system test was complete. This method ensured that
any complications would be identified properly.
The first test to be conducted was the thermocouple measurement with LabVIEW. Each
thermocouple was tested with a multimeter in case repairs were necessary to the existing system
on the vacuum chamber. The program allowed for a live reading of the data, along with the noise
produced in the lab setting, given to the DAQ. Three other charts are made from different sets of
thermocouples: four for the measuring of the specimen to be tested, three for the copper shroud
temperature, and one for the heating element to get a rough estimate of its surface temperature.
The DAQ card used during this had to be a 16-channel system otherwise there could only be four
thermocouples at a time. During this stage, the program was developed to take an exponential
average. This reduced the amount of noise given by the physical system as well as gave a more
accurate reading of the temperature since there is both a time average and an average between
thermocouples.
The heating element donated by Heraeus was powered by a VARIAC, which, via
transformer, controlled the voltage delivered to the filament in the quartz glass tube. The
VARIAC had an outlet plug fastened to it in the electrical department and was independently
tested to ensure that the system would provide power safely. The heating element was attached
via an intertwined positive/negative cable that had a similar size gauge to the leads from the
filament to prevent any major current or voltage drops. It was then tested by plugging the
VARIAC into an outlet and turning the dial to provide power to the filament.
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FIGURE 14: LOW POWER SYSTEM TEST

The heating element and the thermocouples were then tested together. The thermocouples
read temperatures at a maximum of 101°C after only 20 minutes of the heating element being
active at 100V, or about 90% capacity, while under one atmosphere of pressure. This boded well
for a full vacuum test as radiation works significantly better while in a vacuum and could provide
more overall heat transfer due to its effectiveness and the reflectivity of the copper shroud. Since
vacuum chambers often remove all heat energy from the system, this was a necessary feat of the
heating element.
The copper shroud was inserted into the chamber and required more ingenuity than
originally planned. Originally the shroud did not fit due to structural interference with the
heating element. Potential for structural failure was noted and addressed by supporting the lower
wall with a small rail support near the front of the vacuum chamber. Once the heating element
was re-mounted, the next system test progressed with some temperature measurement.
It should be noted that the copper shroud improved upon the heating element’s
capabilities when heating up the thermocouples. The time required to reach 100°C decreased by
nearly 5 minutes once the shroud was added. Before the copper shroud was inserted, the chamber
walls of the vacuum would get warm to the touch during the testing of the heat element.
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FIGURE 15: FULL TEST

Discussion:
The LabVIEW program could be reworked to display different plots for different
applications. Since testing is extremely unique to each individual case, it was hard to build a
program that would be able to read the temperature for each possible subject that would be
tested. With that in mind, averaging the temperature of a specific subject also is not ideal. Since
each point of the subject in a vacuum would have a different heat flux associated with it based on
its orientation.
Without any conclusive data, there is no way to know if the product would have
successfully met our criteria. With the atmospheric test, there is confidence in the system
working. The primary question, however, is about safety. The vacuum chamber used in this
project was not designed for thermal system. Without taking the necessary precautions the
vacuum chamber could pressurize and explode. The shroud acted as a passive cooler for the rest
of the vacuum chamber. It should be mentioned countlessly that the vacuum chamber should
never be closed while the heating element is plugged in.
Our results do indicate that the system was not only possible but would have easily met
our criteria for success.

Conclusion
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Appendices
Budget Overview
Vacuum Chamber Components:
● Furnishings
○ gaskets
○ screws, bolts, and lugs
○ clamps
■ Conflat
■ KL
○ Tubing
○ 3 - way valve
● Roughing Pump
○ No cost: pre-existing
The furnishings for the vacuum chamber are considered to be negligible in cost because
most of the vacuum chamber is complete and just needs a few pieces here and there to be leak
free. The recommended roughing pump we would use is over budget to buy a new or used one.
However, there is a possibility of an existing roughing pump in the lab the project is housed in.
Core Components:
● Copper Sheet
○ 24” x 10’ , 5mm thick sheet - $110
● Copper Tubing
○ 100’ L -type, O.D. of 1/4” , I.D. of 0.1875” - $70.35
● Heating Element
○ Heraeus Noblelight America LLC Quartz heating element: donated
■ Shipping: $50
Instrumentation Components:
● DAQ Card
○ Donated for use
● K-type thermocouples
○ No cost: pre-existing
● Pressure sensors
○ No cost: pre-existing
Several items are hard to get concrete prices on and required that we request a quote from
several companies. We’ve listed some of the companies that we requested quotes from above.
Total:
● Itemized:
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○ Heating Element and two Clamps: $661 + $10.50/clamp
○ Copper Sheet: $176.82
○ Copper Piping: $ 88.95
○ Projects lab man-hours: 40 hours
■ $70/hour estimated cost
● $2,800
○ ALPE man-hours: 60 hours
● Additionally:
○ Vacuum chamber furnishings
■ $684
● Total:
○ $4431.77
We are over budget by nearly $2,500
Available:
The total available budget is dependent on the Undergraduate Research Excellence
Award which grants $700 in total, $500 to the students and $200 to the mentor. Two students
were granted this scholarship, one of which was able to use a prior award. In total the project will
have a funded budget of $2,100 from the university which is well under the costs of continuous
or prolonged outsourcing for testing and definitely under the cost of purchasing and assembling a
thermal vacuum system which can cost upwards of $10,000.
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User’s Guide

REFER TO DIAGRAMS IN THE BEGINNING FOR ALL STEPS.

FOR THIS EDITION OF THE USER’S GUIDE, THE OPERATION OF THE VACUUM CHAMBER IS OMITTED
BECAUSE OF A LACK OF THOROUGH UNDERSTANDING OF ITS OPERATION.
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Diagrams:
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Inside the Vacuum Chamber

Blue:

Thermocouples attached to shroud

Orange:

Thermocouple attached to heating element

The four remaining thermocouples are attached to the test specimen.
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Setup:









All test parameters and measurements should be predicted before this point.
MAKE SURE THE CHAMBER STAND IS UNPLUGGED FROM THE WALL
Unplug the VARIAC from the stand’s power strip.
Check wiring connections on the VARIAC, make sure the outlet wires are secure to the fasteners.
On the VARIAC, rotate the dial clockwise until it stops, this checks for rust spots.
On the same dial, rotate counterclockwise until it stops, this ensures when the system is plugged
in, there is no voltage delivered to the heating element.
Check the wiring to the power feedthrough on the vacuum chamber.
Inside the vacuum chamber, check the wiring to the heating element and ensure that there is no
tension on the wire leading to the heating element.
INSERT PHOTO OF LABVIEW




Check the LabVIEW system to make sure the vacuum chamber is at roughly room temperatures.
Make sure the Degree of the system eliminates an acceptable amount of noise, a value of 15-25 is
a good range.

Start:













DO NOT PLUG IN THE VARIAC!
Check the temperature of the chamber and pressure to make sure standard conditions are true.
 20-25°C
 1 atm of pressure or ~760 Torr
Place testing specimen carefully in the vacuum chamber.
PUMP DOWN THE VACUUM CHAMBER – extra steps to come,
 During the chamber’s decompression:
 Monitor the pressure (either on control panels or LabVIEW).
 Monitor the thermocouples on LabVIEW.
Check to make sure the VARIAC is unplugged and the dial is rotated as far counterclockwise as
possible.
Plug in the VARIAC.
AT THIS POINT THE CIRCUIT IS HOT
Set VARIAC to required voltage to deliver the amount of power required
 Use a multimeter across the wires leading to the heating element on the VARIAC for
accurate measurement of voltage.
Monitor the pressure and temperature of the system accordingly
 If pressure is rising rapidly:
 Rotate the dial on the VARIAC counterclockwise until it stops.
 Unplug the VARIAC.
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 Wait for pressures to resume steady state.
 Plug in the VARIAC.
 Resume prior operating state.
If there is noise occurring at 60hz frequency on the LabVIEW live data collection (about
every 20 milliseconds), do the following in order until it resumes normal operation:
 Ensure the analogue channel to the DAQ is grounded.
 Ensure that the DAQ card is as far away as possible from other electronic
devices.
 Minimize motion and noise around the DAQ.
 Ensure that there is no exposed wire outside of the DAQ ports.
 Thermocouple leads may need readjustment in the DAQ ports.
 Thermocouple leads may need to be trimmed.

Shutdown:






Rotate the dial on the VARIAC counterclockwise until it stops.
Unplug the VARIAC from the stand’s power strip.
PUMP DOWN THE VACUUM – extra steps to come
Unplug the stand from the outlet.
Check all wiring for secure connection
 Heating element
 DAQ card
 Power strip plugs.
 VARIAC
 Thermocouples inside the vacuum chamber.
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ABET: Questionnaires:
Form 1
Student competes
Assessment of Student Outcome #j
ME 4790

The MAE faculty members have identified “A knowledge of contemporary issues” as one of
the student outcomes for both mechanical and aeronautical engineering programs.
Contemporary issues are and issues that you on the news related to new and old products
and their safety, new innovations, technologies, standards and regulations in general. As
you develop your proposal for your senior design project, we ask you start answering the
following questions. These questions will guide you in the development of ideas you need to
include in your proposal and final project reports. You are required to submit the completed
form with your final proposal in ME 4790. In your proposal and report, please include page
references in response to each question below.

Evaluation of student outcome “A knowledge of contemporary issues”

1. Why is this project needed now?
The project is needed now because WALI’s project will need an easy mechanism to provide
reassurance testing data and predict how their CubeSat will perform in Low Earth Orbit.

2. Describe any new technologies and recent innovations utilized to complete this project
and how will it improve satisfaction of the company’s existing customers?
To the best of our knowledge most of the technology has already existed for several years with
what we are doing.
3. If this project is done for a company – how will it expand their potential markets?
Not applicable.
How will it improve satisfaction of the company’s existing customers?
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Not applicable.
Identify the competitors for this kind of product, compare the proposal design with the
company’s competitors’ products.
Outsourcing testing to other universities or companies at a higher cost and purchasing a new
thermal vacuum chamber.
4. How did you address any safety and/or legal issues pertaining to this project? (e.g.,
OSHA, EPA, Human Factors, etc.)
Safety issues will be addressed in the control of the system when implemented to ensure that the
vacuum does not have a temperature gradient and mitigates the risk of overexpansion and
possibly explosion.

5. Are there any new standards or regulations on the horizon that could impact the
development of the project?
The regulations imposed on vacuum chambers are dependent on the level of vacuum and heat
levels it will endure. However it is unknown if there are new standards or regulations that will
affect us.

6. Is there a potential for a new patent in your design? Please document related patents.
Not to our knowledge.
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Form 2
Student completes
Assessment of Student Outcome # h
ME 4790
The MAE faculty members have identified “An understanding of the impact of engineering
solutions in a global, environmental and societal context” as one of the student outcomes for
both mechanical and aeronautical engineering programs. As you develop your proposal for your
senior design project, we ask you start answering the following questions. These questions will
guide you in the development of ideas you need to include in your proposal and final project
reports. You are required to submit the completed form with your final proposal in ME 4790. In
your proposal and report, please include page references in response to each question below.
Evaluation of student outcome “An understanding of the impact of engineering solutions in a
global, environmental and societal context

1. Is this project useful outside of the United States? Describe why it is or not-provide
details.
Yes, because thermal vacuum chambers are used in a variety of testing and manufacturing
programmes. Our specific design could lead to innovation and reduction in cost for leftover or
unused vacuum chambers.
2. Does your project comply with U.S. and/or international standards or regulations?
Which standards are applicable?
There are no explicit standards or regulations found in the Federal Register. To our knowledge
the vacuum chamber in question resolves the ISO regulations on sizing and dimensions for
pieces and parts as well as their definitions. Thusly, the thermal system does as well.

3. Is this project restricted in its application to specific markets or communities? To
which markets or communities?
Small companies who perform vacuum testing at a low cost and universities trying to start their
own satellite program.
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4. If the answer to any of the following is positive, explain how and, where relevant, what
were your actions to address the issues?
______________________________________________________________________________
______________________________________________________________________________
____________________________________________________________
Design is focused on serving human needs. Design also can either negatively or positively
influence quality of life. Address the impact of your project on the following areas.

Air Quality?
No impact. Nitrogen is 70% of the atmosphere.
Water Quality?
No impact.
Food?
No impact.
Noise Level?
Negative Impact: Vacuum Chambers make a lot of noise and is unavoidable because of the
pumps required to produce a vacuum.
Does the project impact:

Human health?
No impact so long as no zinc or zinc based materials are used as their vaporization happens more
rapidly in vacuum and can endanger those working with vacuum chambers if they aren’t cleaned
correctly and regularly.
Wildlife?
No impact.
Vegetation?
No impact.
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Does this project improve:

Human interaction?
No impact.
Well-being?
No impact.
Safety?
Ideally no impact, however when there is a thermal component in a vacuum one must take
precaution against explosions.
Others?
Not applicable.
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Form 3
Student completes
Assessment of Student Outcome # i
ME 4790
The MAE faculty members have identified “A recognition of the need for, and ability to
engage in life-long learning” as one of the student outcomes for both mechanical and
aeronautical engineering programs. As you develop your proposal for your senior design
project, we ask you start answering the following questions. These questions will guide you in
the development of ideas you need to include in your proposal and final project reports, as well
as guide you identify areas in which you need improved proficiency. You are required to submit
the completed form in the last appendix of your final proposal report. In your proposal please
include the page references of the proposal that address the answers to the following questions
below. This item will be included in the Team Assets section of the proposal.
Your responses will be used in the Evaluation of student outcome “A recognition of the need
for, and ability to engage in life-long learning.”
A well-organized team brings necessary backgrounds and talents together that are needed to
successfully execute the design process. Each team member plays and important role on the
design team. Individual members must be prepared to gain any additional skills necessary, and
improve existing skills during project execution. Your response to the questions below will be
evaluated for your ability to convey the need for life-long learning and your ability to be creative
in recognizing the need and acquiring the requisite knowledge.
ME 4790
Mechanical and Aerospace Engineering Design Project

For each team member:
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NAME: Ryan Geiger

1. In detail identify the skills you bring to your design project that would be considered
assets to the project team.
I’m an effective systems thinker, capable of entertaining and critiquing design possibilities in
order to find the best solutions for a project’s requirements. Additionally I’m skilled in
writing/editing and a confidant public speaker. I work well in teams and can take on a leadership
role whenever necessary. My technical experience includes a familiarity with LabVIEW,
Solidworks, Matlab, and Java and C++ programing languages.
2. Delineate the skills necessary to successfully execute your responsibilities on the project.
I’ll need to stay focused and organized both with respect to time and the project requirements
themselves. We have not tasked specific responsibilities in an upfront manner, therefore, we
must each be capable of a dynamic, ‘on the fly,’ approach in order to work on anything that
requires attention.
3. Define skills you will personally need to strengthen to achieve the task at hand.
My personal faults lie primarily in focus and time management. In order to fully realize the
potential of this project while also maintaining academic performance, I’ll need to invest in my
own ability to manage time and remain on task.
4. Explain how you gain the skill level necessary to successfully execute your
responsibilities to the design team.
I plan to employ the use of planners, calendars, and filing systems, as I have not done in the past,
in order to keep track of everything that requires my attention. Additionally I’ve made a few
packs with my peers that they will encourage me to remain on task.
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NAME: Nick Nuzzo

1. In detail identify the skills you bring to your design project that would be considered
assets to the project team.
I have experience managing projects in a student organization. For technical skills I have CAD
modeling experience and Matlab/Simulink, I also have some finite element analysis experience
in ANSYS and a little experience with LabVIEW.
2. Delineate the skills necessary to successfully execute your responsibilities on the project.
We will need to use ANSYS for modeling thermal behavior of the system and to justify design
choices as well as utilizing Matlab for hand calculations. Organizational skills will be needed to
execute tasks in a timely manner and make informed decisions.
3. Define skills you will personally need to strengthen to achieve the task at hand.
I will need to become more proficient with ANSYS and in LabVIEW. Time management and
organizational skills could use some improvements as well.
4. Explain how you gain the skill level necessary to successfully execute your
responsibilities to the design team.
Research and using the programs early to be able to use them efficiently to carry out simulations
and contribute to development of the control system.
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NAME: Jacob Russell

1. In detail identify the skills you bring to your design project that would be considered
assets to the project team.
Qualities and Skills: goal oriented, methodical, focused and unrelenting work ethic, perfectionist,
project managing, MATLAB, LabVIEW, SolidWorks, LTSpice, mathematics, and writing.
My skills will help move the project forward in a steady pace and be able to pick up any piece of
the project where we lack progress and put it on track. My skills also allow me to take part in any
piece of the design and interface between multiple parts.
2. Delineate the skills necessary to successfully execute your responsibilities on the
project.
Project managing skills will be needed to keep the progress of the design on time and ensure the
team’s success.
MATLAB and mathematics will be necessary to prove our system can theoretically work and to
help with implementation.
LabVIEW will be necessary to make the control system of the design project.
LTSpice will be necessary to model any electrical circuit and be able to predict any issues with
the circuit we plan to use for control and powering the thermal system.
3.

Define skills you will personally need to strengthen to achieve the task at hand.

Task management to ensure that the team works well as the design process continues.
SolidWorks in order to be capable of editing and creating accurate design.
Manufacturing techniques to be able to produce the product we are designing.
Time management to keep the project on time.
4. Explain how you gain the skill level necessary to successfully execute your
responsibilities to the design team.
These skills will be gained through either a series of tutorials and videos watched in combination
with the several references we have listed in the papar. Time management will have to be
monitored against a well kept schedule. SolidWorks specifically will take personal practice in the
system when designing.
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Resumes:
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